Therefore, it is important to clarify the optimal modality of MSC-based therapy in further investigations.
Characteristics and definition of MSCs
There are two principal methods to isolate MSCs: prospective isolation and conventional isolation. The prospective isolation method is based on cell sorting using surface markers that are expressed in MSCs [6] . This method has the advantage of isolating a homogenous cell population; however, it remains to be elucidated whether the cell number yield is sufficient to achieve efficacy in MSC-based cell therapies and whether such cells maintain their homogenous characteristics when expanded in vitro to a number sufficient for their therapeutic applications. The conventional isolation method is based on selecting cells that adhere to plastic dishes and form colonies, which are characteristics of MSCs. This method is simple and convenient; however, the isolated cells are heterogeneous.
MSCs used in clinical trials are isolated by the adhesion-based conventional selection method. In addition, MSCs are isolated from various tissues in a facilitydependent fashion. Therefore, it is critical to define the fundamental characteristics by which the isolated cells are designated as MSCs in order to compare MSC-based studies. For this purpose, the International Society of Cellular Therapy (ISCT) proposed the following minimal definition criteria for MSCs [7] : (1) the ability to adhere to plastic plates; (2) the ability to differentiate into osteoblasts, adipocytes, and chondroblasts ( Fig. 1b-d) ; and (3) the positive surface expression of CD105, CD73, and CD90 in the absence of surface human leukocyte antigen (HLA)-DR molecules and hematopoietic lineage markers of pan-leukocytes (CD45), endothelial/primitive cells (CD34), myeloid lineage cells (CD14 or CD11b), and B cell lineage cells (CD79α or CD19) (Fig. 2) . Because no other criteria are broadly accepted, it is conceivable to use these ISCT minimal definition criteria to define MSCs for clinical trials. However, MSCs have the ability to differentiate into neurogenic cells [4] . In addition, recent studies revealed that the therapeutic effects of MSCs are mainly mediated by soluble factors, such as cytokines, chemokines, and exosomes, rather than by their differentiation characteristics in lesions. The minimal definition criteria do not cover these features and are not sufficient for investigations. Therefore, for the development of MSC-based therapies, it is important that third parties verify the detailed properties of MSCs used in studies.
Clinical applications of MSCs Current status of clinical studies
The first phase 1 clinical trial using MSCs was performed in 1995. In this study, autologous BM-derived MSCs were infused into patients with hematological malignancies as part of a safety and feasibility study [8] . A number of clinical trials using MSCs have been performed. As of April 2015, the clinical trial database "ClinicalTrials.gov" provided by the National Institutes of Health (USA) contained about 400 clinical trials using MSCs. In general, the infusion of MSCs appears to be well tolerated without severe infusion-associated adverse effects. A wide range of clinical applications of MSCs is registered for bone/cartilage disorders, cardiovascular diseases, diabetes mellitus, lung diseases, liver diseases, gastrointestinal diseases, hematological diseases, neuromuscular diseases, and cerebrovascular diseases. Clinical trials of human MSCs classified by disease types are listed in Fig. 3 . Clinical trials of human MSCs for hematological disorders are listed in Table 1 . Most clinical trials (78 %) are in phase 1 (97 trials), phase 2 (70 trials), and phase 1/2 (142 trials). In total, 22 trials are in phase 3 and 13 trials are in phase 2/3. Encouraging results were reported from studies in phase 3 and phase 2/3 for acute and/or chronic graft-versus-host disease (GVHD; four studies), Crohn's disease (four studies), acute myocardial infarction (three studies), cerebrospinal injury, and cerebrovascular diseases ( Table 2 ). The most widely utilized source of MSCs is BM, followed by umbilical cord blood and adipose tissue. 
Acute GVHD
Many lines of evidence demonstrate that MSCs have immunomodulatory properties with anti-inflammatory, anti-proliferative, and immunosuppressive capacities [9] . Given their immunomodulatory properties, infusions of allogeneic MSCs have been suggested to be beneficial for the treatment of diseases in which the immune system is dysregulated. The most significant clinical outcomes using MSCs observed to date are in the treatment of acute GVHD after hematopoietic stem cell transplantation (HSCT). In 2004, Le Blanc et al. [10] were the first to report a striking improvement in steroid-resistant severe grade IV acute GVHD of the gut and liver by intravenous infusion of BMderived MSCs from a haploidentical mother in a boy who had previously undergone unrelated HLA-matched HSCT for his acute lymphoblastic leukemia. A phase 2 study by the European Group for Blood and Marrow Transplantation showed that infusion of MSCs from multiple donor sources conferred an overall response rate of 70 % (39 of 55 cases) and a complete response rate of 55 % (30 of 55 cases) for the treatment of steroid-resistant acute GVHD [11] . With regard to the therapeutic response, there was no difference in the number of cells infused, age, or HLA compatibility between the donor and recipient. It is of note that (1) a complete response was achieved by a single infusion of MSCs in 27 of 30 cases, after a median of 18 days (range 3-63 days); (2) the complete response rate was higher in children than in adults; (3) immunosuppressive therapy was ceased in eight cases; and (4) the overall survival rate at 2 years was better in cases with a complete response than in historical controls (~10 %). This large study demonstrated that MSC infusion is an effective therapy for patients with steroid-resistant acute GVHD.
Since these studies were performed, off-the-shelf MSC products generated from adult human healthy volunteers were developed in clinical studies for the treatment of acute GVHD (Table 3 ) [12] [13] [14] [15] . In a phase 2 trial to assess the efficacy of a MSC product (Prochymal ® ) in combination with steroids for a first-line therapy against acute GVHD, the effects of delivering 2 × 10 6 or 8 × 10 6 MSCs per kg of recipient body weight in a single administration were compared. There was no difference in efficacy between these two doses [12] . Another study evaluated the efficacy of Prochymal ® for the treatment of steroid-resistant acute GVHD in children as a third-line therapy [14] . The study reported overall response rate of 61.3 %, and survival rate of 76.1 % for complete and partial responders, versus 27.6 % for non-responders at day 100 [14] . The results of clinical studies using mesenchymal stem cell products in Japan have been reported [15, 16] . In a phase 2/3 trial, 6 of 25 patients had a complete response (24 %) and 9 of 25 patients had a partial response (36 %) [15] . In addition, the survival rate was 60 % at 24 weeks and 93.3 % among patients with a good response. Notably, a complete response was achieved in 80 % of patients with GVHD of the gut. MSCs products have been approved for the treatment of GVHD in Canada, New Zealand, and Japan.
However, the preliminary results of a phase 3 study reported no significant advantage of a sustained complete response in adults. Because MSCs have immunosuppressive effects, attention may need to be paid to the incidence of infections, such as invasive fungal infections and viral infections, upon MSC-based therapy [17] . Many studies of individual donor-derived MSCs reported efficacy with a single administration of MSCs (from one donor to one recipient). Off-the-shelf MSC products are produced from one donor for multiple administrations and/or multiple donors. Repeated expansion of MSCs may deteriorate their quality or heterogeneity, thereby reducing their therapeutic effects [18] .
Engraftment and recovery of hematopoiesis
One of the important roles of MSCs in BM is to provide a microenvironment for hematopoietic stem and progenitor cells and to support durable and effective hematopoiesis. Toxic conditioning in HSCT impairs the function of recipient MSCs to maintain niches for such cells [19] . In an early study, co-infusion of autologous peripheral blood (PB) progenitor cells and MSCs in breast cancer patients receiving high-dose chemotherapy efficiently enhanced hematopoietic recovery [5] . However, in myeloablative allogeneic HSCT using BM or PB progenitor cells from HLA-identical siblings, co-transplantation of MSCs showed no apparent acceleration of engraftment (Table 4) [20] . Upon graft failure or graft rejection after the first allogeneic HSCT, a pilot study showed the utility of co-infusion of MSCs in the subsequent salvage HSCT to improve engraftment of the second graft (Table 4) [21] . In haploidentical allogeneic HSCT using cytokine-mobilized CD34-positive progenitor cells, co-transplantation of haploidentical MSCs did not accelerate neutrophil or platelet engraftment, but prevented graft rejection (Table 4) [22] . In unrelated HLA-mismatched umbilical cord blood transplantation for children with high-risk hematological malignancies, co-transplantation of haploidentical parental MSCs supported relatively rapid hematopoietic recovery [23] . Although MSC infusion did not confer enhanced hematopoietic engraftment in a standard HSCT condition from HLA-identical siblings with myeloablative conditionings [20] , it is of note that MSC infusion was effective in some cases at high risk of graft failure, graft rejection, and delayed hematopoietic recovery [21] [22] [23] . After allogeneic HSCT, the chimerism of MSCs is mostly recipient type, which implies that the hematopoiesis-supportive effect of MSCs is not dependent on the sustained engraftment of donor MSCs in recipient BM [24] . The hematopoiesis-supportive function of MSCs is considered to be mediated by soluble factors that stimulate infused donor hematopoietic cells and/or repair recipient MSCs damaged by toxic conditioning, although this has not been elucidated.
Recently, de Lima et al. [25] reported that hematopoietic recovery was accelerated by transplantation of two types of umbilical cord blood (double cord blood transplantation): One umbilical cord blood unit was not manipulated and Outcome Eng, 95 % Neut, ≥500/μL at day 12 PLT, ≥30,000/μL at day 10 Eng, 100 % Neut, ≥500/μL at day 12 PLT, ≥20,000/μL at day 10 Eng, 100 % Neut, ≥500/μL at day 14 PLT, ≥20,000/μL at day 20 MSC co-infusion IV 0-4 h after HSCT IV 4 h before HSCT IV 4 h before HSCT the other was expanded in ex vivo co-cultures with MSCs. Their strategy was unique in that (1) early hematopoietic recovery was achieved by the manipulated umbilical cord blood unit with a smaller cell number because the number of hematopoietic progenitor cells was increased in co-cultures with MSCs and (2) long-term hematopoietic reconstitution was guaranteed by the non-manipulated umbilical cord blood unit with a higher cell number. These pilot studies suggest the utility of MSCs for hematopoietic recovery after allogeneic HSCT. Further studies are needed to elucidate the appropriate dose of MSCs and the timing of their infusion for achieving optimal outcomes.
Perspectives of MSC-targeted therapy
In general, MSCs are expanded ex vivo to obtain a sufficient "quantity" of cells necessary to achieve their therapeutic effects. However, this may lower the quality of MSCs and reduce their therapeutic function after repeated cell passage. Consistent with their biological features, MSCs express various molecules such as integrins, cytokines and growth factor receptors, and adhesion molecules [26] . We propose that the future direction of MSCbased therapy should include pharmacological upregulation of their "quality" of function. In preclinical studies, we demonstrated that simulation of MSCs with erythropoietin and parathyroid hormone enhances MSC-mediated bone formation, hematopoiesis, and tissue regeneration [27] [28] [29] .
The roles of various stromal cells that have similar characteristics to MSCs in physiological hematopoiesis have been extensively investigated using genetic animal models. In addition, pathological hematopoiesis is caused by a primary genetic abnormality in MSC-derived osteoprogenitor cells [30] . Endogenous MSCs in the host BM microenvironment critically contribute not only to physiological hematopoiesis but also to pathological hematopoiesis, including leukemia. My laboratory demonstrated that C/EBPβ expressed by MSCs plays a crucial role in physiological precursor B cell lymphopoiesis in mice [31] . My laboratory also showed that proteasome inhibitors abolish the interactions of human B cell precursor acute lymphoblastic leukemia cells with human MSCs and restore the chemosensitivity of these leukemia cells [32] . To date, pharmacological therapy in hematology mostly targets hematopoietic cells. We propose that pharmacological targeting of MSCs is a novel strategy to overcome the shortcomings of conventional pharmacotherapies in the treatment of hematological diseases.
With regard to the development of pharmacological MSC-targeting therapy, approved drugs, such as erythropoietin, parathyroid hormone, and proteasome inhibitors, should be used because safety and toxicity examinations can be omitted or simplified, resulting in their early clinical use (so-called drug repositioning).
Summary
This review focuses on human MSCs and describes their fundamental biological characteristics, current status, and future potential in clinical applications. Human MSCs are heterogeneous and probably comprise stromal cells with different and distinctive therapeutic characteristics. Therefore, further studies are needed to clarify the nature of human MSCs in order to establish the optimal MSCbased therapy that has the potential to treat various diseases throughout the entire body.
